The past several years have witnessed the evolution of gene medicine from an experimental technology into a viable strategy for developing therapeutics for a wide range of human disorders. Numerous prototype DNA-based biopharmaceuticals can now control disease progression by induction and/or inhibition of genes. These potent therapeutics include plasmids containing transgenes, oligonucleotides, aptamers, ribozymes, DNAzymes, and small interfering RNAs. Although only 2 DNA-based pharmaceuticals (an antisense oligonucleotide formulation, Vitravene, (USA, 1998), and an adenoviral gene therapy treatment, Gendicine (China, 2003), have received approval from regulatory agencies; numerous candidates are in advanced stages of human clinical trials. Selection of drugs on the basis of DNA sequence and structure has a reduced potential for toxicity, should result in fewer side effects, and therefore should eventually yield safer drugs than those currently available. These predictions are based on the high selectivity and specificity of such molecules for recognition of their molecular targets. However, poor cellular uptake and rapid in vivo degradation of DNA-based therapeutics necessitate the use of delivery systems to facilitate cellular internalization and preserve their activity. This review discusses the basis of structural design, mode of action, and applications of DNA-based therapeutics. The mechanisms of cellular uptake and intracellular trafficking of DNA-based therapeutics are examined, and the constraints these transport processes impose on the choice of delivery systems are summarized. Finally, the development of some of the most promising currently available DNA delivery platforms is discussed, and the merits and drawbacks of each approach are evaluated.
INTRODUCTION
The DNA molecule has been one of the most important sources not only for the understanding of the fundamental basis of human life but also for the development of a novel group of therapeutics modeled on its endogenous structure. DNA-based therapeutics include plasmids containing transgenes for gene therapy, oligonucleotides for antisense and antigene applications, 1 ribozymes, DNAzymes, aptamers, and small interfering RNAs (siRNAs). 2, 3 Although most of the DNA-based drugs are in early stages of clinical trials, this class of compounds has emerged in recent years to yield extremely promising candidates for drug therapy for a wide range of diseases, including cancer, AIDS, neurological disorders such as Parkinson's disease and Alzheimer's disease, and cardiovascular disorders. 2, 3 Elucidation of the human genome has also provided a major impetus in identifying human genes implicated in diseases, which may eventually lead to the development of DNAbased drugs for gene replacement or potential targets for gene ablation. 4 In addition, using genomic data, potent DNAbased drugs may be developed for individualized medicine. 5 The Human Genome Project will help determine genetic markers responsible for patient response to drug therapy, drug interactions, and potential side effects. 5 Developments in human genomics, transcriptomics, and proteomics will provide an additional impetus for the advancement of DNAbased therapeutics by supplying novel targets for drug design, screening, and selection.
One of the significant advantages of DNA-based drugs over currently available low molecular weight pharmaceuticals is their selective recognition of molecular targets and pathways, which imparts tremendous specificity of action. These drugs can be used to mitigate disease states either prophylactically or at a very early stage, thereby preventing disease progression and its complications. For example, gene therapy typically involves correction of a malfunctioning gene by the introduction and expression of its correct copy, thus resulting in a single protein product. Similarly, for DNA-based therapeutics intended for gene ablation, only selected genes are switched off, thus ensuring specificity in controlling the disease status. Therefore, at least theoretically, the potential for negative side effects of DNA-based therapeutics may be minimized compared to conventional pharmaceuticals that typically have less specificity. However, since many DNAbased compounds are new pharmaceutical drug candidates and the effects of their human exposure have yet to be completely investigated, the feasibility of their long-term use remains to be determined. In addition, very little is known about their cellular uptake, distribution, and metabolism.
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Despite many favorable characteristics and signs of possible clinical victories (see Table 1 ), the introduction of DNAbased drugs for human use can be best described as limited, with rare successes. 3 The inertia in the development of these drugs can be attributed, in part, to their poor cellular uptake profile in vivo. The innate ability of DNA-based drugs to be internalized by target cells is minimal under normal circumstances. In addition, poor biological stability and a short halflife result in unpredictable pharmacokinetics. Furthermore, DNA molecules that do manage to enter the cell are subsequently subjected to intracellular degradation along with stringently restricted nuclear access. The resulting random delivery profile of DNA-based drugs is further complicated by a lack of in vivo/in vitro correlation of their pharmacological outcomes.
Over the past several years, understanding of DNA uptake, trafficking, and metabolism has been considerably enhanced, and several strategies have been deployed to improve the stability and minimize the degradation of DNA-based therapeutics. Chemical derivatization has yielded excellent results for improving the biological stability of short-length DNAbased therapeutics such as oligonucleotides. High molecular weight compounds, such as plasmid DNA, have been successfully delivered into cells using both synthetic and natural delivery platforms. The use of DNA delivery systems has not only improved the pharmacokinetics of DNA-based therapeutics but has also achieved efficient targeted introduction of these molecules into desired tissues. Over the past several decades, the pursuit of the ideal DNA delivery system has yielded very promising results and a myriad of specialized delivery options. In this review, we summarize the design, mechanism of action, and some of the latest clinical applications of DNA-based therapeutics. The classes of DNA-based therapeutics and their cellular uptake and intracellular fate are discussed. In addition, some of the most promising DNA delivery systems are evaluated.
DNA-BASED THERAPEUTICS

Plasmids
Molecular Basis of Action
Plasmids are high molecular weight, double-stranded DNA constructs containing transgenes, which encode specific proteins. 6 On a molecular level, plasmid DNA molecules can be 
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considered pro-drugs that upon cellular internalization employ the DNA transcription and translation apparatus in the cell to biosynthesize the therapeutic entity, the protein. 6 Gene therapy involves the use of plasmid DNA to introduce transgenes into cells that inherently lack the ability to produce the protein that the transgene is programmed to generate. Plasmids can be used to correct genetic errors that produce functionally incompetent copies of a given protein (see Figure  1 ). The mechanism of action of plasmid DNA requires that the plasmid molecules gain access into the nucleus after entering the cytoplasm. The entry of plasmid molecules into the nucleus through the nuclear pores is an extremely challenging and difficult process. 6 Nuclear access or lack thereof eventually controls the efficiency of gene expression (see Figure 1) . 6 In addition to disease treatment, plasmids can be used as DNA vaccines for genetic immunization. 7 DNA vaccines function through induction of immune response by introducing genes encoding antigens for specific pathogens.
Suicide gene therapy is another rapidly emerging strategy for induction of transgenes. [8] [9] [10] Briefly, this methodology involves the stable transfection of chemosensitization genes in tumor cells, which upon gene expression convert a separately administered, nontoxic pro-drug into a chemotoxic drug. Since only the transfected tumor cells are capable of this intracellular conversion, only they are susceptible to the chemotoxic entity, hence the term suicide gene therapy. For example, cytosine deaminase-based suicide gene therapy was investigated in a syngeneic rat model of peritoneal carcinomatosis. 11 It was demonstrated that when rats with tumor cells expressing the cytosine deaminase gene were administered the pro-drug 5-fluorocytosine, they converted it to cytotoxic 5-fluorouracil, a chemotherapeutic agent that led to remission of tumors and prolonged their life. 11 Suicide gene therapy has also been employed for gene-directed enzymepro-drug activation using such genes as herpes simplex type-1 thymidine kinase enzyme for antiviral pro-drugs gancyclovir and zidovudine and purine nucleoside phosphorylase for fludarabine. [8] [9] [10] Plasmid Design
The design and engineering of plasmids to obtain maximum transfection has been extensively researched. 12 In addition to the transgene of interest, plasmid DNA molecules typically contain several regulatory signals such as promoter and enhancer sequences that play an important role in regulating gene expression. 13 In viral delivery vectors, such signals can be endogenously present or artificially engineered in the virus genome. 12 In addition, splicing and polyadenylation sites are present in the transgene construct that help in the correct processing of the mRNA generated after transcription. 12 Some vectors also have introns that may increase premRNA processing and nuclear transport. 13 Promoter sequences play a vital role in initiating gene transcription. Promoter sequences offer recognition sites for the RNA polymerase to initiate the transcription process. Higher efficiency can be obtained by engineering the plasmid with strong tissue-or tumor-specific promoters. 14 Commonly used promoter sequences are derived from viral origins such as cytomegalovirus (CMV) and roux sarcoma virus, or are obtained from human origins such as alpha actin promoter. 14 However, sometimes promoters can lose their activity upon immune stimulation. 15, 16 Human promoters have been shown to have greater resiliency against immune response activation than viral promoters. 15 Promoter sequences may also play an important role in determining the immune response of the cell to the gene product. 17 For example, it was demonstrated that human muscle creatine kinase promoter has no immunostimulatory effect in mice, as opposed to the commonly used CMV promoter sequence, during the expression of a gene vaccine encoding the hepatitis B surface antigen. 17 Tissue-specific promoters can also improve the efficacy of suicide gene therapy. 18 Enhancers are regions in the plasmid DNA that enhance the production of the gene of interest by as much as several hundred times. 14 Enhancers can be tissue specific and can be present on the plasmid locus either upstream or downstream from the promoter region. Transcription efficiency can be substantially improved by the choice of suitable enhancers. For example, promoters and enhancers derived from immunoglobulin genes have been used to increase gene transduction in hematopoietic cells and to improve specificity of viral vectors useful in the treatment of hematological malignancies. 14 Muscle creatine kinase enhancer has been useful for enhanced targeted expression of transgenes for gene therapy to correct for muscular dystrophy. 14 
Clinical Applications of Plasmids for Gene Therapy
The success of efficient gene transfer into mammalian cells in vitro and animal models in vivo encouraged early human gene therapy experimentation. In its early stages of development, plasmid-based gene therapy was attempted to correct inheritable disorders resulting from a single gene defect. Such disease targets included adenosine deaminase deficiency in severe combined immunodeficiency disease (SCID), cystic fibrosis transmembrane conductance regulator gene mutation in cystic fibrosis, hypoxanthine-guanine phosphoribosyl transferase deficiency in Lesch-Nyhan disease, and glucocerebrosidase enzyme deficiency in Gaucher disease. 19 The first federally approved human gene therapy protocol was initiated in 1990 for the treatment of adenosine deaminase deficiency. 19 Since then, more than 500 gene therapy protocols have been approved or implemented. 20 As recently as 2002, scientists reported the successful gene-therapy-based cure for SCID. 21 In 2003, the Chinese drug regulatory agency approved the first gene therapy product for head and neck squamous cell carcinoma, which will be marketed under the trade name Gendicine and will be available in early 2004 22 (see Table 1 ). Table 1 ). Currently, diseases with complex etiologies such as cancer 23, 24 and neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease 25 are being targeted. In addition, DNA vaccines for malaria, AIDS, and many other diseases are in development. 26 DNA vaccines have also been used to prevent allergic response. 27 The reader may access the interactive and animated usercontrolled interface online, select the type of DNA-based therapeutic, and observe a detailed graphic animation of the specific processes involved in its uptake, subsequent intracellular fate, and mechanism of action.
To access the online version of this article go to http://www.aapsj.org/.
Oligonucleotides
Mechanism of Action
Oligonucleotides are short single-stranded segments of DNA that upon cellular internalization can selectively inhibit the expression of a single protein. 28 For antisense applications, oligonucleotides interact and form a duplex with the mRNA or the pre-mRNA and inhibit their translation or processing, consequently inhibiting protein biosynthesis (see Figure 1 ) 28 For antigene applications, oligonucleotides must enter the cell nucleus, form a triplex with the double-stranded genomic DNA, and inhibit the translation as well as the transcription processes of the protein (see Figure 1 ). 2 Theoretically, because only one target needs to be inhibited in each cell, antigene oligonucleotides should have much better control in protein ablation than antisense oligonucleotides. 2 Oligonucleotides achieve transcriptional arrest of their target proteins upon interaction with their mRNA targets. Antisense target recognition is facilitated by Watson-Crick base pairing between the oligonucleotide and the target mRNA. On the molecular level, numerous mechanisms have been proposed to explain the basis of oligonucleotide action. 28, 29 Occupancy-based mechanisms suggest that binding of oligonucleotides to key sequences in the target may inhibit the target's ability to interact with the cellular machinery required for protein synthesis. For example, oligonucleotide interaction with the initiation codon or with the splicing sequences can cause transcriptional arrest by this route. 28 Alternatively, oligonucleotides can function by activation of RNase H, an enzyme that degrades the targeted mRNA, thereby inhibiting protein biosynthesis. 29 Since the targets for antisense applications are in the cytoplasm, oligonucleotides do not need to enter the cell nucleus (see Figure 1 ). 2 However, for antigene applications, oligonucleotides must enter the nucleus to interact with the DNA (see Figure 1 ). Antigene recognition occurs by formation of DNA-oligonucleotide triplex motifs, which are speculated to function by occupancy-based mechanisms such as physical blockade of the transcription complex (see Figure 1 ). 2 
Design of Oligonucleotides
Design is critical for the clinical efficacy of oligonucleotides and should include consideration of length, chemistry, conformation, and ability to hybridize with the target mRNA.
Length. The suggested optimal length for oligonucleotides with efficient antisense activity ranges from 12 to 28 bases. 28, 30 There is a consensus that very short sequences are likely to be nonspecific and sequences longer than 25 bases would experience difficulty in cellular uptake. As the length of the molecule increases, hydrogen bonding between the base pairs and stacking interactions increases, leading to an increased overall affinity for the target. However, longer oligonucleotides are inherently difficult to import into cells because of their size and tend to self-hybridize, thereby affecting their uptake. Even in cell culture experiments, the optimum length suggested for oligonucleotides varies considerably. 31, 32 Backbone Modifications. Oligonucleotides having the endogenous phosphodiester backbone are susceptible to degradation by nucleases and hence have limited use for antisense applications. 30 Various chemical modifications to the backbone have been used to improve oligonucleotide stability. 33 The most common modifications include the introduction of phosphorothioate and methyl phosphonate linkages in the backbone. Phosphorothioate analogs are chosen for their stability 28 against nucleases and the methylphosphonate backbone for its relative hydrophobicity and ease of diffusion across membranes. 34 Phosphorothioate backbone oligonucleotides can have significantly increased biological half-life compared to their corresponding unmodified phosphodiester oligonucleotides. Currently, second-generation mixed-backbone oligonucleotides such as GEM231 are being used in clinical trials for cancer. 28 Hybridization Capacity. Antisense oligonucleotides are designed primarily for their ability to hybridize with the mRNA of interest. 35 The mRNA has a complex secondary and tertiary spatial structure that restricts the accessibility of certain segments of the molecule to hybridize with the oligonucleotide. Consequently, although it is theoretically possible to design antisense constructs to virtually any part of the mRNA, not all oligonucleotides are efficient in inhibiting protein synthesis. 36 Complex algorithms predicting mRNA structure, "gene-walking," RNase H mapping, and combinatorial screening are some of the strategies that are being explored to predict hybridization-accessible sites on mRNA molecules. 36 Secondary Conformation. The presence of some specific sequences in the oligonucleotide can allow it to have a preferred conformation. 37 For example, it was demonstrated that the presence of continuous guanines at the 3'-end of an oligonucleotide made it resistant to degradation because of the ability of these guanines to assemble into hyperstructures in vivo. 38 These hyperstructures were resistant to nuclease activity and were efficiently taken up by cells. 38 The secondary structure of oligonucleotides can be affected by divalent cations such as Ca 2+ and Mg 2+ that typically occur in the cellular environment, thereby possibly affecting their activity or cellular uptake. 37 
Clinical Applications of Oligonucleotides
For therapeutic purposes, oligonucleotides can be used to selectively block the expression of proteins that are implicated in diseases. 39 With successful antisense inhibition of pro-
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teins in animal models, the first antisense drug, fomivirsen sodium (Vitravene, Isis Pharmaceuticals, Carlsbad, CA ) was approved for the treatment of cytomegalovirus retinitis in AIDS patients in 1998. 40 Fomivirsen sodium is formulated as an intravitreal aqueous injection in sodium bicarbonate buffer at pH 8.7. 40 Antisense oligonucleotides such as MG98 and ISIS 5132, designed to inhibit the biosynthesis of DNA methyltransferase and c-raf kinase, respectively, are in human clinical trials for cancer. 41 ISIS 2302, targeting ICAM-1, is being investigated for the treatment of ulcerative colitis 39 (see Table 1 ). Two other drug candidates, Affinitak and Alicaforsen (Isis Pharmaceuticals), are in phase 3 clinical trials for non-small cell lung cancer and Crohn's disease, respectively. Genasense (oblimersen sodium), developed by Aventis (Bridgewater, NJ) and Genta (Berkeley Heights, NJ), is being investigated in advanced phase 2 trials in combination with other chemotherapy regimens for a range of cancers including malignant melanoma, chronic lymphocytic leukemia, and multiple myeloma. Currently, studies confirming the effects of antigene oligonucleotides are restricted to in vitro applications such as inhibition of bacteriophage T7 transcription initiation and human RNA polymerase II elongation. 2
Ribozymes
Ribozymes are RNA molecules that are capable of sequencespecific cleaving of mRNA molecules. 2 They can selectively bind to target mRNAs and form a duplex, which includes a highly distorted conformation that is easily hydrolyzed. The hydrolysis of the mRNA can be used for targeted suppression of specific genes. 41 Two types of ribozymes, the hammerhead and hairpin ribozymes, have been extensively studied for therapeutic applications. 2 The presence of the RNA backbone in ribozymes makes them easy targets for degradation from the ubiquitous RNases, so these molecules are biologically unstable in vivo. 41 Ribozymes have been used for gene suppression for apoptosis and antiproliferative effects. Ribozymes can be used for knockout gene therapy by targeting overexpressed oncogenes such as the human epidermal growth factor receptor-Type-2 gene implicated in breast cancer 42 and human papillomavirus virus infection.
DNAzymes
DNAzymes are analogs of ribozymes with greater biological stability. 39 The RNA backbone chemistry is replaced by the DNA motifs that confer improved biological stability. DNA sequences are also easy to modify synthetically, thereby generating even stronger, resilient second-generation analogs.
The strong catalytic activity of DNAzymes makes them powerful tools for molecular biology applications such as target validation protocols. DNAzymes have tremendous potential as gene suppression agents for a variety of therapeutic applications. Recently, a DNAzyme directed against the vascular endothelial growth factor receptor 2 was confirmed to be capable of tumor suppression by blocking angiogenesis upon intratumoral injections in mice. 43 
Aptamers
Aptamers are small single-stranded or double-stranded nucleic acid segments that can directly interact with proteins. 2 Aptamer-assisted interaction can be used to interfere with the molecular functions of disease-implicated proteins or those that participate in the transcription or translation processes, thus inhibiting the processing of target therapeutic proteins. Aptamers are preferred over antibodies in protein inhibition owing to their specificity, nonimmunogenicity, and stability of pharmaceutical formulation. 44 Currently, however, most aptamer research is directed toward lead identification of inhibitors of protein function and target validation. Aptamers that have demonstrated promise in intervention of pathogenic protein biosynthesis include DNA aptamers against the HIV-1 integrase enzyme 45 and RNA aptamers against HIV-1 transcriptase. 46 The anti-VEGF aptamer Macugen (pegaptanib sodium) co-developed by Eyetech (New York, NY) and Pfizer (Groton, CT) is in advanced phase 3 clinical trials for age-related macular degeneration to inhibit excessive pathological blood vessel growth in the macula (see Table 1 ).
Small Interfering RNAs
SiRNAs can be used for downregulation of disease-causing genes through RNA interference. SiRNAs are short doublestranded RNA segments with typically 21-to 23-nucleotide bases that are complementary to the mRNA sequence of the protein whose transcription is to be blocked. [47] [48] [49] Upon administration, siRNA molecules are incorporated into RNA-induced silencing complexes (RISCs), which bind to the mRNA of interest and stimulate mRNA degradation mechanisms, such as nuclease activity, that lead to silencing of the particular gene. [47] [48] [49] The structure and functions of RISCs have yet to be completely elucidated. 50 SiRNA molecules used for protein ablation can either be chemically synthesized and delivered to the cells or generated in vivo. 50 In vivo production of siRNAs is achieved by using long doublestranded RNA molecules, which are processed by the Dicer enzyme to generate siRNAs, or by transfection with plasmids and viral vectors that biosynthesize siRNAs by transcription.
The use of siRNA as a therapeutic target is still in its infancy. Currently, siRNAs are being investigated to inhibit HIV, 51 hepatitis, 52 and influenza infection. 53 These potent molecules offer several advantages over plasmid DNA molecules and oligonucleotides. Compared with other gene ablation technologies such as antisense oligonucleotides, siRNAs are remarkably superior thanks to their high degree of specificity to mRNAs, their nonimmunogenic nature, and their high resistance to E67 ribonucleases. 47 Since siRNAs do not integrate into the genome, they offer greater safety than plasmid molecules. Furthermore, siRNAs do not have to transfer through the nuclear membrane for their activity and therefore require less sophisticated delivery systems, promising faster development and higher efficiencies compared with plasmid DNA. In addition, because of their small size, it might be possible to deliver a cocktail of siRNAs targeting multiple disease-causing genes in a single delivery system to control complex diseases such as cancer where several genes are malfunctioning. 54 Figure 1 is an interactive and animated schematic representation of the delivery, uptake, and intracellular fate of DNAbased therapeutics. The reader can access the user-controlled interface, select the type of DNA-based therapeutic, and observe the graphic animation of its uptake and subsequent intracellular fate, as described below for individual classes of therapeutics. The cellular uptake of naked DNA molecules and polynucleotides in general, irrespective of their size, remains an extremely inefficient process. A combination of several inherent factors such as DNA charge, size, and poor stability presents a potent barrier to cellular uptake (see Figure 1 ). The negatively charged phosphate backbone of the DNA molecule is the primary cause of its inadequate and inefficient cellular association, owing to electrostatic repulsion from the negatively charged cell surface. Delivery of plasmid DNA is further reduced by its high molecular weight compared with shorter DNA therapeutics such as oligonucleotides and ribozymes. In addition to their inherently ineffective cellular uptake profile, chemically unmodified or naked DNA therapeutics have extremely low in vivo stability. They are rapidly degraded by hydrolytic endo-and exonucleases. Nucleases recognize the phosphodiester linkage in the DNA backbone and can lead to hydrolytic degradation of the DNA molecule. Despite these factors, it has been clearly demonstrated not only that naked DNA can be internalized by muscle cells but also that it can retain its complete functionality and can express proteins. 55 For example, plasmid DNA containing the transgene for the influenza protein was demonstrated to stimulate protective immunity in mice upon administration without any delivery system. 55 It is generally believed that DNA molecules that are associated with the cell membrane are internalized into the cytoplasm by cell surface receptors via receptor-mediated endocytosis 55, 56 (see Figure 1) . Over the past several decades, putative DNA receptors for plasmids and oligonucleotides have been identified and characterized. 56, 57 These studies have provided valuable insights into DNA uptake, but no universal mechanisms have been conclusively identified, further exemplifying the complexity of the process and the possibility of tissue-and cell-specific receptors. Other processes such as pinocytosis and absorptive endocytosis may also play an important role in oligonucleotide uptake. 58 Recent work by Huang and coworkers demonstrated that naked plasmid DNA can be internalized by lung endothelial cells if sufficient time is allowed for the DNA to interact with its putative receptor. 59 This finding has raised the interesting possibility of dependence of DNA cellular uptake on the time of contact between the DNA molecule and its target receptor. 59 The small fraction of the DNA therapeutics that does obtain cellular access is susceptible to degradation in the endosomes (see Figure 1) . Upon endocytotic internalization, DNA and other polynucleotides, along with their delivery vectors, are compartmentalized into endosomal vesicles, where the DNA can be inactivated or degraded. [60] [61] [62] The endosome undergoes acidification to a pH of 5 to 6, which, in addition to promoting acidic hydrolysis, activates lysosomal enzymes that can rapidly degrade oligonucleotides or plasmids. 60, 61 If the DNA therapeutic escapes from the endosome and degradation therein, it can enter the cytosol and may have a chance to assert its pharmacological effect (see Figure 1) . 58, 59 Traffic of DNA-based therapeutics such as antisense oligonucleotides and ribozymes is restricted to the cytoplasm, where their molecular targets (mRNA) are located. 58 However, plasmids and antigene oligonucleotides require nuclear entry to be therapeutically active (see Figure 1) . 58, 63 The prerequisite of nuclear entry poses an additional challenge to achieving successful clinical outcomes.
CELLULAR UPTAKE OF DNA-BASED THERAPEUTICS
Transfer of macromolecules into the nucleus is controlled by the pores in the nuclear membrane (see Figure 1) . 63, 64 Oligonucleotides, by virtue of their smaller size, can passively diffuse from the cytoplasm into the nuclear compartment relatively easily. However, very little is known about plasmid DNA nuclear transfer and the factors that influence it. 63 Plasmid DNA undergoes dissociation from its delivery vector and can access the nucleus either during mitosis, when the nuclear envelope is weakened, or through the nuclear pores. 65, 66 Other nonmitotic mechanisms have also been proposed. 63 If plasmid DNA does enter the nucleus, it can integrate with the host genome and use the cellular machinery to express the transgene of interest (see Figure 1) . Depending upon the vector used to deliver them, plasmid DNA molecules may demonstrate high or low and site-specific or nonspecific genomic integration with the host cell. However, genomic integration may provoke other problems, such as mutagenesis and carcinogenesis. 63 
STRATEGIES TO ENHANCE THE CELLULAR DELIVERY OF DNA-BASED THERAPEUTICS
From an evolutionary perspective, it is to our advantage that transfer of DNA molecules across cellular barriers remains dif-ficult, thereby preserving our genomic information and protecting us from genetic contamination. 3 It is evident that the cellular environment is unfavorable to the entry of DNA-based therapeutics and detrimental to their intracellular trafficking and nuclear transfer. Thus, the overall inefficiency of the cellular internalization process jeopardizes the complete exploitation of the benefits of DNA-based therapeutics. To realize the efficacy of DNA therapeutics, the natural barriers to DNA transport must be either evaded or inactivated (see Figure 1 ).
Tremendous strides have been made in developing strategies for DNA delivery into cells, both in vitro and in vivo, that can protect it from degradation and facilitate targeted cellular uptake. The choice of strategy is determined by the DNAbased therapeutic of interest and its final clinical outcome (see Figure 1 ). Nuclease degradation of oligonucleotides and other shorter DNA therapeutics can be circumvented by chemical derivatization of the backbone and/or by the protection and stability offered by DNA delivery systems. Plasmid DNA molecules, however, rely exclusively on the latter. For example, mixed-backbone oligonucleotides containing methylphosphonate linkages have exhibited significantly improved biological half-lives compared with their phosphorothioate analogs. 67 The biological half-life of 1.07 hours of an unencapsulated oligonucleotide ISIS 2302 was improved to 57.8 hours by encapsulation into pegylated stealth liposomes. 68 Similarly, plasmid DNA half-life was increased to more than 6 hours when it was administered in the form of stabilized plasmid-lipid particles. 69 In addition to ensuring the stability of DNA-based therapeutics, it is essential to ensure their rapid escape and protection from the endosomal degradation (see Figure 1 ). This has been achieved by the use of viral delivery vectors or by the inclusion of fusogenic lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) in pH-sensitive and cationic liposome delivery systems. 70, 71 DOPE is a helper lipid capable of disrupting the endosomal membrane upon endosomal acidification by the formation of lipid hexagonal phases. Endosomal membrane disruption can release the DNA-based therapeutic and its delivery system into the cytoplasm. 71 Lysosomatropic agents such as monensin and chloroquine, which raise the endosomal pH, block acidification, and thus inhibit lysozyme activity, have also been used to facilitate endosomal release of DNA. 60, 61 Endosomal degradation of DNA-based therapeutics can also be circumvented by the incorporation of viral peptides such as hemagglutinin HA2 and those derived from adenoviruses in their delivery systems. 63, 65, 66 Hemagglutinin HA2 undergoes conformational transition and leads to the destruction of the endosome, thereby facilitating the release of the DNA-based therapeutic. 63 Enhanced rapid endosomal escape and enhanced transfection have also been achieved using fusogenic peptides such as poly(L-lysine) (PLL) and cationic polymers such as polyethylenimine (PEI) and dendrimers. 63, 65, 66 The need for nuclear delivery of DNA-based therapeutics is limited to plasmids, which must integrate with the host genome (see Figure 1 ). Plasmid nuclear uptake has been enhanced by its binding to nuclear localization signal peptides, transcriptional factors (eg, GAL4, SV-40, and SMGA), histones, and by the use of peptide nucleic acid constructs. 6, 63 Several cationic delivery vectors can significantly compact DNA to facilitate its passage across nuclear membranes, thus leading to successful transfection. [72] [73] [74] Recently, novel extranuclear cytoplasmic expression vectors have been developed that totally circumvent the need for nuclear access by expressing plasmids in the cytoplasm. 65 This route uses cytosolic cellular machinery for transgene expression. 65 
DNA DELIVERY TECHNIQUES
DNA delivery methods can be classified into 3 general types: electrical techniques, mechanical transfection, and vectorassisted delivery systems. Since this review primarily focuses on various platforms that have been developed for the delivery of DNA-based therapeutics, we have briefly summarized some of the major advantages and disadvantages of the electrical and mechanical techniques in a single section. The reader is recommended to refer to the cited reviews in this section for a more detailed discussion on these techniques.
Mechanical and Electrical Techniques
Mechanical and electrical strategies of introducing naked DNA into cells include microinjection, 75 particle bombardment, 66 the use of pressure, 66 and electroporation. 76 Microinjection is highly efficient since one cell at a time is targeted for DNA transfer; however, this precision is achieved at the expense of time. 66 Ballistic transfer of DNAgold microparticles can be achieved using particle bombardment equipment such as the gene gun. 66, 77 However, since direct exposure of target tissues is required, particle bombardment is restricted to local expression in the dermis, muscle, or mucosal tissue, unless surgical exposure of the target is permitted. 66 Electroporation uses high-voltage electrical current to facilitate DNA transfer. This technique results in high cell mortality and therefore is not suitable for clinical use. Though significant transfection efficiencies have been achieved using mechanical and electrical techniques, they are extremely difficult to standardize in a clinical setting and are considered laborious, impractical, and invasive. 66
Vector-Assisted Delivery Systems
Cellular delivery of DNA assisted by delivery systems has matured from a laboratory science into a methodology suitable for use in clinical trials of DNA-drug candidates (see Table 1 ). 58, 59, 66 Delivery systems will play a critical role in the realization of the therapeutic potential of DNA therapeu-E69 tics. Some of the ideal properties in a DNA delivery vector for therapeutic purposes include high transfection efficiency with a high degree of target cell specificity, low occurrence of toxicity and immunogenicity, biodegradability, and stability of the pharmaceutical formulation. In addition, the ideal delivery system would be simple to formulate and would lend itself to easy modification for customized DNA release, delivery, and expression. Currently available DNA delivery systems can be classified into 2 types based on their origin: biological viral DNA delivery systems and chemical nonviral delivery systems.
Viral Delivery Systems
Nonpathogenic attenuated viruses can be used as delivery systems for DNA molecules, especially plasmids. 63, 78, 79 Through millions of years of evolution as infective agents, viruses can transfer DNA molecules into cells with consummate ease. For therapeutic purposes, the transgene of interest is assembled in the viral genome and the virus uses its innate mechanism of infection to enter the cell and release the expression cassette. The gene then enters the nucleus, is integrated into the host gene pool, and is eventually expressed. 63 Retroviruses, 80 parvoviruses, adenoviruses, lentiviruses, 81 adeno-associated viruses, 82 and the herpes simplex virus are being investigated for their ability to transfer DNA. Gene expression using viral vectors has been achieved with high transfection efficiencies in tissues such as kidney, 83 heart, muscle, 84 eye, 82 and ovary. 85 Viruses are currently used in more than 70% of human clinical gene therapy trials worldwide. 86 Gene therapy using viral systems has made considerable progress for the treatment of a wide range of diseases, such as muscular dystrophy, 84 AIDS, 87 and cancer. 88 The only approved gene therapy treatment (Gendicine) delivers the transgene using a recombinant adenoviral vector. 22 DNA delivery using viral vectors has been extensively reviewed. 78, 79, 89 One significant advantage of viral DNA vectors is their extremely high transfection efficiency in a variety of human tissues. Retroviral vectors are capable of transfecting high populations (45%-95%) of primary human endothelial and smooth muscle cells, a class of cells that are generally extremely difficult to transfect. 90 A recent study demonstrated that adenoviral-mediated gene transfer in COS-7 cells was significantly higher than that achieved by liposomal delivery systems. 91 Despite such impressive statistics for gene transfer, there are several concerns over the use of viruses to deliver DNA therapeutics in humans. The chief concern is the toxicity of the viruses and the potential for generating a strong immune response owing to their proteinaceous capsid. Such toxicities have been observed in numerous animal models. [92] [93] [94] For example, it was demonstrated that administration of recombinant adeno-associated virus to macaques, a nonhuman primate model, at doses similar to those administered to hemophilia B patients undergoing gene therapy, caused transient viremia. 93 Viral metabolite sequences were identified in lymph nodes and livers as long as 8 to 18 months after viral injection. The long-term effects of viral artifacts on body organs and primate health are not yet known. Another study demonstrated local inflammation at the site of injection upon intraperitoneal administration of an adenoviral vector formulation in mice used as a preclinical model for prostate cancer. At high doses, these vectors were detected in seminal vesicles, testes, and the lymph nodes. 94 These results contradicted earlier findings that had indicated that germ line transmission of viral vector sequences was very low in several species of male animals. 95 Additionally, since animal studies are generally performed under tightly regulated conditions such as specific strains and regimented nutrition, it is difficult to use these results to predict human response in a diverse patient population.
Safety of viruses is a major concern in human studies. Recently, traces of adenovirus titers were detected in seminal fluids of a male patient who had earlier received adenoviralbased genetic therapy, further compounding the fear of possible germ line tampering by viruses upon loss of their replication deficiency. 96 Adenoviral vectors used for gene therapy for cystic fibrosis were shown to cause a strong immunogenic response. 97 The 1999 death of a patient participating in a Food and Drug Administration-approved gene therapy clinical trial from respiratory and multiple organ failure, attributed to lethal immune response to the adenovirus vector used to deliver the gene, led to temporary suspension of all gene therapy trials in the United States. 98 Though clinical experimentation has resumed, this event raised tremendous concern over the safety of viruses for future gene therapy applications. 98 Additionally, the integration of therapeutic genes into the host genome by the virus takes place in a random fashion. There is no control over the exact location of insertion of the gene. Random gene transfer can generate insertional mutagenesis that may inhibit expression of normal cellular genes or activate oncogenes, with deleterious consequences.
Many other factors may limit the use of viral vectors for therapeutic applications. Since the viral envelope has a finite capacity, there is a limit on the size of the expression plasmid that it can incorporate. First generation adeno-associated viruses had a very small capacity of ~4.7 kilobase (kb) for encapsulation of the plasmid DNA cargo. 99 Recent reports demonstrate efficient production of second-generation adeno-associated viruses with higher encapsulating capabilities. 99 It has been demonstrated that adenoviruses in formulations may lose their potency after storage in commonly used pharmaceutical vials. 100 Adenoviral vectors are known to gener-ate inflammatory responses in tissues with short-lived gene expression. 77 There is concern over loss of transgene expression upon tissue maturation when cells have been transfected using viruses. 101 For example, retroviral vectors have been demonstrated to lose long-term expression capability in newborn Swiss mice, limiting their potential clinical applications. 102 Retroviral vectors for gene therapy applications are also extremely difficult to produce on a large scale and are inherently unstable. 80 Production of viral titers is expensive, with complicated scale-up issues. It will be very difficult to use viruses for routine gene transfer until all of these concerns are addressed.
Nonviral Delivery Systems
Nonviral delivery systems can circumvent some of the problems associated with viral vectors and are emerging as favorable alternatives to viral vectors. Among the greatest advantages of nonviral gene vectors are lack of immune response and ease of formulation and assembly. 41 Commonly used nonviral vectors for delivery of DNA-based therapeutics can be classified into 2 major types based on the nature of the synthetic material: i) Polymeric delivery systems (DNApolymer complexes) and ii) Liposomal delivery systems (DNA entrapped in and/or complexed to liposomes). 41, [103] [104] [105] 
Polymeric Delivery Systems
Cationic polymers are commonly used in gene delivery because they can easily complex with the anionic DNA molecules. 106 Polymer-DNA complexes, also known as polyplexes, can be used to deliver DNA into cells. The general mechanism of action of polyplexes is based on the generation of a positively charged complex owing to electrostatic interaction of these cationic polymers with anionic DNA. 66 The cationic polyplex can then interact with the negatively charged cell surface to improve DNA uptake. Versatility of physicochemical properties and easy manipulation are some of the most important advantages of polymeric gene carriers. 41 Polymeric matrices with varying properties can be designed by choosing an appropriate distribution of different molecular weights and degree of cross-linking of the polymer, and/or by the incorporation of targeting ligands. 41 Industrial-scale manufacturing is feasible at low cost. Commonly used polymers include PEI, 107 PLL, 108 chitosans, 109 and dendrimers. 41 Agents such as folates, transferrin, antibodies, or sugars such as galactose and mannose can be incorporated for tissue targeting. 41 Polymeric transfection systems have advantages, but they are not ideal. In addition to low transfection capabilities, polymeric delivery systems suffer from problems in the control of molecular weight distributions, dispersities of the polyplexes, and other quality control issues. 41 Some polymers have inherent potent pharmacological properties (such as hypocholesterolemia induced by chitosans) that make them extremely unfavorable for human use. 110 Polyethylenimine PEI is a branched polymer with high cationic potential that is capable of effective gene transfer in nondifferentiated COS-1 cells; however, it can also be extremely cytotoxic due to induction of apoptosis. 111 The high transfection efficiency of PEI can be attributed to the buffering effect or the "proton sponge effect" of the polymer caused by the presence of amino groups in the molecule. 63 The strong buffering effect of the polymer helps in rapid endosome escape. 112 The cytotoxicity and transfection efficiency of PEI are directly proportional to its molecular weight. 113 Efforts to reduce the toxicity by synthesis of PEI with graft copolymers such as linear poly(ethylene glycol), 114 incorporation of low molecular weight PEI, and PEI glycosylation 115 are under way.
Poly(L-lysine)
PLL is a biodegradable cationic polymer that has been used to deliver DNA-based therapeutics such as oligonucleotides. 41 Cationic PLL interacts with anionic DNA molecules and forms a positively charged complex that can interact with the negatively charged cell surface and undergo rapid internalization. 41 However, PLL has a low level of transfection efficiency, primarily owing to lack of rapid release of PLL-DNA complexes from endosomes. It was recently established that PLL-DNA complexes undergo biodistribution into acidic lysosomes that favor DNA degradation upon cellular internalization. 116 PLL suffers from immunogenicity and toxicity caused by its amino acid backbone. 117 PLL-DNA complexes also undergo nonspecific binding to cell membranes, thereby limiting their use in cell targeting. 118 Consequently, PLL has been used in gene delivery as an adjunct to graft copolymers and other endosomolytic agents to improve their uptake and targeting. For example, it was demonstrated that PLLpoly(lactic-co-glycolic) acid (PLGA) grafted micelles had high transfection efficiencies and low cytotoxicities compared with PLL alone. 119 PLL transfection capacity was significantly improved by pretreating the PLL-DNA complex with peptides and an endosomolytic agent such as chloroquine. 120 Targeting of PLL to liver was significantly improved by its conjugation to a liver tissue-specific ligand, asialoorosomucoid. 65 From a formulation perspective, PLL-DNA complexes demonstrated a high degree of polydispersity, leading to unreliable cellular DNA delivery. 66 
Chitosan
Chitosan is a natural biodegradable polymer that is a possible alternative to PEI owing to its low toxicity. 112, 121 Like E71 PLL, chitosan generates a positively charged complex upon interaction with DNA that favors its cellular interaction and subsequent uptake. The transfection efficiency of chitosan is, however, lower than that of other polymers such as PEI, as observed by a comparison study consisting of intratracheal administration of chitosan-DNA polyplexes to mice in vivo. 112 Chitosan has been used in nonconventional gene delivery. For example, chitosan was recently used to augment the in vitro infectivity of an adenoviral vector in Chinese hamster ovary cells. 122 Topical application of chitosan microparticles containing the luciferase gene has been demonstrated to express the reporter gene in mouse skin, suggesting a potential use of chitosan for genetic immunization. 123 Chitosan-DNA nanoparticles, upon oral administration, were capable of conferring immunological protection to mice against a peanut antigen, indicating a possible use of chitosan in delivering genetic vaccines to control food allergens. 124 However, chitosan at high doses can cause hypocholesterolemia in humans, thereby limiting its applications. 110 Dendrimers Polyamidoamine (PANAM) dendrimers represent a novel class of polycationic synthetic polymers that can be used for gene transfer. 58, 125, 126 The 3-dimensional spherical structure of dendrimers offers synthesis control of the molecule in terms of degree and generation of branching. This control can produce polymer particles with a very low degree of polydispersity, which is a significant advantage over other polymers such as PLL that generate highly polydisperse particles. Low polydispersity can lead to reproducible gene delivery and a clinically reliable formulation. The cationic amino acid residues in the polymeric structure of PANAM dendrimers can help in DNA condensation and endosome release. 41 Superfect and Polyfect (Qiagen, Valencia, CA) are 2 commercially available sixth-generation branched activated dendrimer formulations for in vitro gene delivery. 41 Some reports suggest that lower generations also can be effective in gene delivery. 127 Dendrimers that protect oligonucleotides from serum nucleases 39 have been used to enhance oligonucleotide delivery. 128 
Liposomal Delivery Systems
Liposomes have emerged as one of the most versatile tools for the delivery of DNA therapeutics. 39, 103, 104, 113 Liposomes are vesicles that consist of an aqueous compartment enclosed in a phospholipid bilayer. If multiple bilayers of lipids are formed around the primary core in a concentric fashion, the complex assemblies that are generated are known as multilamellar vesicles (MLV). MLV can be formed by reconstituting thin lipid films in buffer. Small unilamellar vesicles (SUV) of specific size (100-500 nm) can be produced by extruding MLV through polycarbonate membranes. SUV (50-90 nm) can also be produced by sonication of MLV or larger SUV. Both hydrophilic and hydrophobic drugs can be entrapped in the liposomes. Liposomes and drug/lipid complexes have been used for the delivery of the anticancer drugs doxorubicin and daunorubicin. 129 Liposomes can be used as DNA drug delivery systems either by entrapping the DNA-based therapeutics inside the aqueous core or complexing them to the phospholipid lamellae. Liposomes offer significant advantages over viral delivery options for the delivery of DNA therapeutics. For example, liposomes are generally nonimmunogenic owing to lack of proteinaceous components. Since the phospholipid composition in the liposome bilayers can be varied, liposomal delivery systems can be easily engineered to yield a desired size, surface charge, composition, and morphology. The cationic surface charge of some liposomes can help in the complexation and delivery of DNA therapeutics. Liposomes can offer substantial protection to the DNA therapeutics from nucleases and improve their biological stability. Liposomes can also be used for specialized gene delivery options (such as long circulation half-life, sustained, and targeted delivery). 104 A variety of cationic, anionic, synthetically modified lipids, and combinations thereof have been used to deliver a wide range of DNA-based therapeutics.
Cationic Liposomes.
Numerous studies have demonstrated the use of cationic liposomal formulations for the delivery of different plasmid constructs in a wide range of cells, both in vivo and in vitro. 130 The nonimmunogenic nature and ease of industrial production of these systems makes them appealing for gene transfer. The first human gene therapy trial using cationic liposomes was conducted in 1992. 77 The trial used 3ß[N-(N',N'-dimethylaminoethane)-carbamoyl] cholesterol (DC-chol)/DOPE cationic liposomes to deliver the transgene of interest. Currently, ~13% of gene therapy trials in progress worldwide employ nonviral liposomal vectors for transgene delivery. 41 Cationic liposomal formulations generally consist of mixtures of cationic and zwitterionic lipids. 113, 131, 132 Cationic lipids commonly used are 1, 134 Cationic liposomes were also confirmed to cause dose-dependent pulmonary toxicity in mice upon intratracheal instillation. 136 The study demonstrated that cationic liposomes stimulated the production of reactive oxygen intermediates that have been previously implicated in pulmonary toxicity. 136 Cationic lipids have also been demonstrated to be cytotoxic to phagocytic macrophages. 137 Reduction in toxicity was observed upon the replacement of DOPE by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), possibly suggesting the role of the helper lipid DOPE in the toxicity of cationic liposomes. 137 In other studies, cytokine-mediated pulmonary toxicity and TNF-α induction by cationic lipids in lung tissue have been identified. 138 Additionally, the transfection efficiencies of nonviral cationic liposomal vectors are significantly lower than those of viral vectors. Low transfection efficiencies have been attributed to the heterogeneity and instability of cationic lipoplexes. 139 Dissimilarity in lipoplex size also adversely affects their quality control, scale-up, and long-term shelf stability, issues that are pertinent to their pharmaceutical production. Another drawback in the use of cationic lipids is their rapid inactivation in the presence of serum. 132, 140 It was demonstrated that transient complexes formed between cationic liposomes and plasmid DNA prior to transfection were completely inactivated when experiments were performed in the presence of 2% fetal calf serum. 132 Similarly, Lipofectin-mediated transfection was inactivated by serum. 140 In addition, most of the in vitro studies that demonstrate the transfection efficacy of cationic lipidbased systems were conducted in standardized media formulations such as Opti-MEM (Invitrogen) that do not contain serum. Therefore, in vitro/in vivo correlation is misleading and unreliable. Some in vivo studies have revealed that the gene transduction responses obtained by cationic liposomes were transient and short-lived. 141, 142 Routine transfer of genetic drugs using cationic lipids is impossible without the elimination of these obstacles. Novel synthetic strategies and formulation approaches may yield progress in this direction.
Anionic Liposomes.
As an alternative to cationic lipids, the potential of anionic lipids for DNA delivery has been investigated. 3, 37, 135, [143] [144] [145] [146] The safety of anionic lipids has been demonstrated when administered to epithelial lung tissue. 136 In recent years, a few studies 143, 144 using anionic liposomal DNA delivery vectors have been reported. They include the delivery of oligonucleotides to hippocampal neurons using anionic liposomes. 144 Similarly, an anionic lipid formulation called fluid liposomes, composed of DPPC and 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DMPG), was capable of delivering fluorescently labeled oligonucleotides into bacterial cells. 143 In this case, the entrapment of oligonucleotides within the liposomes was facilitated by Na + and K + ions. There have been attempts to incorporate anionic liposomes into polymeric delivery systems. 147, 148 For example, LPDII vectors are nonviral vehicles for gene delivery that consist of a complex between anionic pH-sensitive liposomes and polycation-condensed plasmid DNA (polyplexes). 147, 148 However, these vectors have limited applications, mainly because of (1) inefficient entrapment of DNA molecules within anionic liposomes 144 and (2) lack of toxicity data. 143 Lack of further progress of these systems may be attributed, in part, to the poor association between DNA molecules and anionic lipids, caused by electrostatic repulsion between these negatively charged species. 37, 149 We have recently reported the development of a novel anionic lipoplex delivery system with high transfection efficiency and low toxicity. 3, 37, 135, 145, 146 This vector is composed of a mixture of anionic lipid 1,2-dioleoylsn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DOPG) and zwitterionic lipid DOPE. These lipids are known to occur endogenously in vivo and are complexed to DNA molecules using divalent Ca 2+ . 3, 146 The resulting ternary complex of lipids, calcium ions, and DNA was shown to be capable of transfecting mammalian cells with a model green fluorescence reporter protein. 146 Specialized Liposomal Delivery Platforms. Along with numerous cationic and anionic lipid derivatives, functionalized liposomal formulations serving specific therapeutic objectives have shown promise in gene therapy. 103, 150, 151 Liposomes that contain targeting and functionalizing groups in their lipid bilayers can be tailor-made for a range of specialized DNA delivery options. 150, 151 These strategies also offer potential options in the development of sophisticated delivery platforms for DNA drugs. Specialized liposomal delivery platforms include pH-sensitive liposomes, immunoliposomes, and stealth liposomes.
pH-Sensitive Liposomes. pH-sensitive liposomes can be generated by the inclusion of DOPE into liposomes composed of acidic lipids such as cholesterylhemisuccinate or oleic acid. 150 At the neutral cellular pH 7, these lipids have the typical bilayer structure; however, upon endosomal compartmentalization they undergo protonation and collapse into a nonbilayer structure, thereby leading to the disruption and destabilization of the endosomal bilayer, which in turn helps in the rapid release of DNA into the cytoplasm. 150 Efficient gene delivery of the beta-galactosidase and luciferase reporter plasmids has been obtained using pH-sensitive liposomes in a variety of mammalian cell lines. 152 Recently, a chemical derivative of DOPE, Citraconyl-DOPE, has been used to deliver DNA-based therapeutics to cancer cells, thereby combining the targeting and the rapid endosomereleasing aspects of specialized liposomal delivery systems. 153 The researchers reported that small amounts of 3% Citraconyl-DOPE could be used for transfection and the pHsensitive effect. 153 A phosphatidylcholine/glycyrrhizin combination was also successful in pH-sensitive gene delivery in mice. 154 Immunoliposomes. Immunoliposomes are sophisticated gene delivery systems that can be used for cell targeting by the incorporation of functionalized antibodies attached to lipid bilayers. 151 Immunoliposomes target specific receptors and facilitate receptor-mediated endocytosis for the uptake of the lipoplex. Recently, immunoliposomes containing an antibody fragment against the human transferrin receptor were successfully used in targeted delivery of tumor-suppressing genes into tumors in vivo. 155 Tissue-specific gene delivery using immunoliposomes has been achieved in the brain, 156 embryonic tissue, 157 and breast cancer tissue. 158 Stealth Liposomes. Stealth liposomes are sterically stabilized liposomal formulations that include polyethylene glycol (PEG)-conjugated lipids. 103 The lipids with covalently attached PEG can be included in the formulation at a desired ratio. Pegylation prevents the opsonization and recognition of the liposomal vesicles by the reticuloendothelial system. 103 Consequently, stealth liposomes have long circulating times in the systemic circulation. They have been used in the delivery of oligonucleotides directed against the Ha-Ras oncogene in a primate model. 68 Peglyation has also been used in conjunction with other polymeric delivery systems such as PLL to achieve longer circulation half-lives. 159 
CONCLUSION
Favorable results in recent clinical trials have renewed interest in DNA-based therapeutics. The transition of these novel molecules into drugs of choice for the treatment of complex disorders is still in its infancy but will eventually be achieved by the development of novel DNA delivery platforms that prevent their degradation and facilitate targeting to specific tissues. Simultaneous advances in chemical synthesis and derivatization to generate molecules with robust biological stability will ensure the in vivo success of short-length DNAbased therapeutics such as oligonucleotides, ribozymes, and their next generation analogs. The use of high-throughput systems for lead identification, validation, and optimization of newer disease targets will provide a tremendous impetus in developing newer potent molecules with specific activity. Further advances in studying gene function and identification of single-nucleotide polymorphisms will not only help in fine-tuning DNA-based therapeutics for specific disease variations but will also fulfill the ultimate goal of providing tailor-made individualized medicines that meet universal therapeutic demands.
